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Abstract
Nuclear explosion  u~ the NEO, such us asteroi[l  or comet, may have consequences  of two muin types:

● disintegrate  the NEO into the fragments  of such size and impart  such velocities  on (he fragments,  that near
the Earth the NEO fragments  will appear 10 be U( large distuncesfiom  one another,  and will purti~!lly  puss by the
Earth, partially  burn in the upper utnu]sphere  without affecting its surfuce;

. without  damaging  the NEO impart  such u mometttutn, which will change  the NEO trajectory  and provide
its safe passing by the Earth.

Respectively,  two main problems  arise, which need to be solvedfi)r ussessing  feasibility  of creating  the system of
the Eurth protection  on t~w basis  of nucleitr  weapons utulfor  a’eterminution qf such system parameters:

w predict  stute of the NEO afier the nuclear explosion near its su[fil.ce;
. u.ssess the momentum tr[msferre~l  to the NEO [1.r the re~ult  of the nuclear  explosion  neur its surfhce.

It impossible  to influence  the NEO by nuclear  e~plosion.s of [l(fferent  types: burie[i  explosion,  sulfilce  explosion,  atul
statui-oflexplosion.  Each type has its own peculiarities.

This report  considers  peculiarities  qfthe three types of nuclear  e~plosions  in ussociution  with the above f~)rmulated
problems.  A short description  of the processes  and characteristic  parameter  vulues are given.  A feasibility  of
schematizing  the phenomena of the surf({ce [tti burie[l  explosions  within the concept  of explosion  “equivalence”  is
discussed. Peculiarities  of numerical  description  of the explosions  and possibilities  to calibrate  the numerical
methods using (he e~perimentul  dutu on utuierground nuclear explosions uti crulering experiments  ure discussed.  ~e
issues  of the numerical assessment uccuracy are consi~lered  and the strategy  of the nucleur explosion  calcuhltions
within  the framework  of the as(eroidproblem is propose(l.

Introduction
Nucle,ar  explosion  at the ne,ar-Earth-object  (NE()), such as a$teroid  or comet, may have consequences  of two

main types:
— disintegrate  the NEO into the ti-agment$ of such size (<10...30  m) and impart  such velocities  (>0.1...1 m/s)

on the fragments,  that near  the Earth the NEO fragments  will be al large distances  from one ,another and burn in the
upper atmosphere  without  affecting  the surface  of the Earth;

— without  damaging  the NEO imp,art  such a momentum,  which will change  the NEO trajectory  and provide
its safe passing  by the Earth.

Respectively,  two main problems  arise which need to be solved  for assessing feasibility  of creating the system
of the Earth protection  on the basis  of nuclear  weapons  and fur detellnination  of such system ptar,ameters:

● predict  sklte of the NEO after  the nuclear  explosion near its surface;
● assess  the momentum transferred  to the NEO as the result  of the nuclear  explosion  near its  surface,  i.e.

assess  velocities  at which the NEO fragments  will be ejected  from its surface.
me NEO can be affected  by nuclear  explosions  of different  types:  buried explosion,  surt”ace  explosion,  and stand-

off explosion.  Each type has its own peculiarities  both in physical  pattern  of the phenomenon,  and in technical
design of resyctive nuclear  module.  Without  considering  the subject of affecting  asteroids  of complex  shape or very
I,arge dimensions  that may require  several  consecutive  or simultaneous  explosions,  we would  like to discuss  the
general  pattern of single explosion ne’ar the ~steroi(l  sulf”nce,  and to discuss experimental  and theoretical  basis  which
will  enable  to iind certain  engineered  solutioas.

Below we consider  the different  types  of the nuclear  explosions,  the determining  processes  and characteristic
parameters.



Underground  Contained  Explosions
Releruse of main fraction  of energy during the nuclear  explosion  takes  place  within approximately  one hun&dth

of a microsecond,  and as result  of this pressure in nuclear  explosive  device reaches  value of huntie~  of megabars
(1 bar= 105 N/m*= 1.02 atm) under  temperature  of several  kev (1 kev = 1.16  ● 107 “K).

Density  of initially  released energy  is so high that its transfer  occurs  mainly  by radiant heat conductivity.  It
results  in propagation  of thermal  wave in the ground [1]. While  the dimensions  of the region involvd  in the
movement  incwase,  the temperatures  dec~e~se, and the flow becomes  of purely gasdynamic  character.  This lea~  to
formation  of gasdynamic  source  &termining  the subsequent  evolution  of the explosion.  Characteristic  energy  density
in such gasdynamic  source  is -10 kJ/g. It can be shown [2] that  the processes  of the energy  transfer  by radiation
become minor when the ground layers  with radius  more than 0.2 titl’3 are involved  into the movement.
Beginning  from approximately  this  moment  a strong shock is released.  While  the shock is propagating  iLs intensity
is decreasing,  and as the result, at diffemut  disLlnces  from the explosion  center  zones of evaporation,  melting,
fmgmentation,  and fracturing are consecutively  formal,  and elastic wave (seismic  wave) is Rlease(l.

As it is known [3], development  of processes  under  powerful  explosions  in infinite  uniform  medium has
similarity.  This means  that all spatial  (cavity  radius,  radii of the fragmentation  and fracturing  zones, etc.) and time
(time  of the cavity  formation,  etc.) characteristics  of the explosion  alter with the explosion  yield E change
proportionally  to E1’3.

The explosion  at sufficient  depth doesn’t  destroy the earth surface.  Such explosion  is called  contained.  Without
consikring  some  details,  such as formation  of span lens on the ground surface,  the containd explosions  can be
regarkd  as explosions  in infinite  metium.

Data obtained  from underground  nuclear  explosions  comprise  and will comprise  the basis  for calibration  of
calculation  methds  for determining  effect  of nuclear  explosion on &stemids  due to:

● large  number  of conductd  tests;
● variety of media in which the tests were peti”ormed (coral reef, alluvium,  rock-salt,  limestone,  granite,

basalt);
s &tailed  experimentation  accompanying  the tests.

To such data we refer the following:
motion  laws and parameters of the shock wave (in the region r<5...lO m/kt 113 where tie stiengti  effeCts

play ”minor role);
● parameters of seismic  explosion  waves  in the zone otelast.ic-plastic  tlows;
s parameters  of irradiated  seismic (ehastic)  wave;
● amount  of rock irreversible  evaporated  in the shock wave (=70 t/kt);
. amount of rock melted in the shock wave (-500...900  t/kt);
● dimensions  of intensive  fragmentation  zones (-25 m/ktl’3);
“ dimensions  of fracturing  zones (-100 m/kt’’3);
● distribution  of fragments  of rock disintegrated  in the shock by dtinensions;
● dimensions  of the formed  cavity (from 9..11 m/ktl’3  in rock-salt,  granite,  and dolomite  up to

14...17  m/ktl’3  in alluvium and tuft).
Experience  of the underground  nucle,ar explosions,  numerous  published  and not published  calculation  results

identify  that without  speaking  about  physics  of nuclear  device  operation,  by now scientists  have studied  well ,and
with high accuracy descfibd in calculations  the equations  of sL~te for terrestrial  rocks, their elastic-plastic  properties,
and (by one-(dimensional  methds)  the main parameters  of flows appearing  during the underground  explosions.

It should be pointd  out that during the unkrgmund  nuclear  explosions  a very intensive  fragmentation  of rocks
takes place  [4], and maximum  dimensions  of the formed  rock fragments  are -5 m. This makes  us ho~ that affecting
the steroid  we’ll  be able to achieve  not only considemble  change  in its momentum,  but also to provi~  its necessary
fragmentation.

Nuclear  Surface  Explosions
To change  the trajectory  or to disintegrate  the zsteroi~  with diameter  exceeding  50...100 m we’ll ned nuclear

device  having yield of 1 Mt and more.  This proceeds  from values of the above given characteristic  dimensions  of the
destruction  zones during the underground  nuclear  explosions. Therefore,  we consider  the surface explosion  of rather
powerful  nuclear device  (thermonucle,nr)  at the height on the order of 1 m.

The ground motion during the explosion near its free surface  is determined  primarily  by the fraction  of the
explosion  energy transferred  directly  to the ground. In the modelm thermonucle.nr  charges  the duration of the energy
release  is on the or&r of one huntiedth  of a microsecond  [2]. If the device is expl(tied above the asteroid surface the
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main part of reltised energy will be radiated  out of the nuclear  device in the form of x-rays during a time period  of
several huntiedths  of a microsecond.  The part of the x-radation  directed  downwards  illuminates  the asteroid surface in
the form of short  pulse  of quanta. This will  cause  its mdiation  heating which will k completed within tenths  of a
microsecond,  and this  leads to formation  of high temperature  region of ground having the lens shape.

Temperature in the ground is so high daring  that (-1 kev) that on one side a thermal  wave propagates  in the
ground, and on the other  side, intensive  rera(liation from the sud”ace  into air proceeds.  This results  in absorption  of
small fraction  of the radation  energy (less  ti.an 10~a) by the ground. Even less  fraction of the energy is transferred  to
the ground  due to impact  of the nuclear device  vapors. After  the thermal  wave stops in the ground the shock is
released.  When the shock propagates  through the ground its intensive  destruction  takes place. Due to rarefaction  from
the surface the ground moves  back, upwards.  As the result, the ground mass is thrown upwards  at high velocities,
and a crater  is formal.

Quantitative  characteristics  and some qualitative  peculiarities  of the surface  explosion  phenomenon  have ken
considered  in details,  e.g. [2, 5]. In p,articul.ar, it appears  to be that:

● fraction of the full  explosion  energy transferred  to the ground depends  little on tie explosion  yield over the
range  0.1...10 Mt (at least  this  value is more sensitive  to details  of the nuclear device  design which, in their  turn,
determine  sh,are of the explosion  energy irradiated  in the form of x-ray mys, the radiation  time and spectrum);

● the fragmentation  region has approximate  shape of hemisphere  with radius -100 m/Mtl’3;
. momentum transferred  to the asteroid  makes  up -108 (tm/s)*Mt.
Calculations  of the surface  explosions  are most  complicated  compared  to other  types of the explosions.  This is

associati  with the necessity  to (lescYibe  large strains during the impact  of the nuclear  module  vapors into the ground
and during the ground scattering  with simultaneous  account  for energy transfer  by radation. Besides  thaq for the
surface  explosion  the approximation  of radi,ant heat conductivity  is not always  applicable,  we need to take into
account  the spectral  effects.  For ex,ample, temperature  of m(liation  leaving the surface  of the nuclear  mo(lule,  ,and
temperature  in the heating  lens can differ  signitic.antly.

A special  problem  in calculationa.t  description  of the surface  explosions  is caused  by almost  absolute  absence  of
the experimental  &ta. To avoid strong radioactive  contamination  of the test  sites the surface  explosions  were not
conducte41 during nuclear  weapons testing.

Nuclear  Shallow  Bursts
Effect of the nuclear explosion  on asteroid  will be the strongest  if the nuclear  device  is buried  into the ground

before the explosion.  This is associated with the fact that during such type of the explosion,  unlike  the surface  and
stand-off explosions,  the explosion  energy  at initi,al (thermal)  phase  of the phenomenon  evolution  is transferred to
the asteroid  ground practically  completely.  So, at depth-of-burst  (DOB) exceeding  2 rn/Mtl’3 the thermal  wave
doesn’t  reach  the ground surface,  the full  energy at the initial stage remains  in the ground. At subsequent  inc~ease  of
the explosion  depth the depth at which the rarefaction  wave from the free surface  overtakes  the shock propagating
downwards  also increases.  The explosion  effect  incr~tses  respectively.  As the result  of this process  the effect  of the
buried  explosion  on the asteroid  turns  to be equivalent  to effect  of the surface  explosion  with yield tens of times
higher  [2. 5, 6]. Therefore,  consideration  of affecting  the asteroid  by the buried  explosion  is of especial  interest.

Apparently,  really achievable  values of the DOB are within the limits  of the first tens  of meters.  Therefore,
using the nuclear  modules  having yield  of-1 Mt ,and more the values of the scaled  DOB of practical  interest  for us
are 0.2 up to 3...5 In/kt 11~ Fc,r such ~eptils  (he ch:wacteristic  v:l.lue of momentum transferred to the asteroid  will be
-109 lolo  (t.m/s).Mt.  Dimensions  of tie fragmentation  zone will beat  least  two times  lctiger ~~ file. . .
dimensions  of the fragmentation  zone of the surface  explosion  of the same yield. For DOBS of 6...8 m/ktlB radius
of the fragmentation  zone will  exceed  the fragmentation  radius of the contained  explosion,  since the rarefaction  wave
from the free boun@  will overtake  the shock propagating  downward  at the distance  -25 m/ktlB,  and additional
fragmentation  will be provided  by the span phenomena  in the zone of intensive  development  of radial  fractures.

Unlike  the surface  explosion  the calculational  desc~iption  of the buried explosion  initial  phase  currently  is not
difficult.  At the same time at the phase of the explosion  cyater development  we have to face the problem  of adequate
description  of elastic-phastic  flow with large strains.

Experimental data on the nuclear  explosions  which can be referred  to the shallow  bursts are rather poor. Table  1
shows  the list of all nuclear cratering  explosions  conducted  in the USA and the USSR [7]. From among  16 specified
explosions  most  of them were c,arried out at depth close to optimum  for obtaining  maximum dimensions  of the
crater,  but which are of less  interest  for the asteroid  problem.  It should  be also pointed  out that effect  of the burial
explosions  on tie Earth is to large extent  determined  by the gravity  influence.  This also hampers  use of the
experimental  &Ita for the calibration.
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Table  1. Summary  of Nuclear  Cratering  Explosions  [8,9]

Yield Depth-of- Crater Crater
Name kt burst, m radius,  m dept~~, m Medium

Jangle  S
Jangle  U
Teapot ESS
Neptune
Danny Boy
Johnnie  Boy
sedan
Pahmquin
Cabriolet
Buggy

Row  Of 5
Schooner
1003
1004
T-1
T-2

Row of 3
Pechora-Kama

Row Of 3

1.2
1.2
1.2
0.115
0.42
0.5
100
4.3
2.6
1.1

35
1.1
-125
0.2
0.2

15

1.1
5.2
20
31
34
0.53
194
85

:;
spacing 46

108
48
-178
31.4
31.4

spacing  40
-127

14
40
45
31
33
18
184
36
54
76

130
53.5
204
40
32.5

150..170

6.4
16
27
11
19
9.1
98
24

::

63
31
100
21
16

10..15

Alluvium
Alluvium
Alluvium
Tuff
Basalt
Alluvium
Alluvium
Rhyolite
Rhyolite
Basalt

Tuft’
Siltstone
Sandstone/shale
Sandstone
Sandstone

Alluvium

On the other  hand, we have rich experimental  data on the buried explosions  of chemical  HE. To use these data
we need additional  calculation  efforts. Some of the experimental  data on the chemical  HE explosions  directly
identify that hopes for sufficiently  accurate  calculation  description  of the buried explosion  effect on the asteroid  may
not come  true, especially  tiing into  account  our limited knowledge  on properties  of a specific  NEO we’ll need to
affect.  So, in the classical  review [6] it is pointed out that the most  numerous  daL~ on explosions  of a given yield
and in a given ground were obtained  in the experiments  with 256-pound  spherical  ch,arges of TNT in alluviums  of
Nevada Test  Site and Albuquerque  Test  Site.  It turned out that volumes of the craters  at a given depth changed  from
one experiment  to another by the factor of 2...3. and systematic  deviations  associated  with the test site difference
turned  to be less than deviations  within each test site.  This may mean that the experimental  data on the craters  under
conditions  of limited  knowledge  of the ground properties  can’t be the serious basis for the numerical  method
calibration,  at least, while  computing  such characteristic  as the momentum  transferred  to the asteroid.  This
conclusion  is also confirmed  by characteristics  of the craters  of the nuclear  explosions  Jangle  S and Johnnie  Boy.

During the buried  nuclear explosion,  as during the contaiaed  explosion,  a very intensive  fragmentation  is
provided.  Table 2 gives some  data on dimensions  of rock fragments  formed (luring  explosions  [8,9]. These Ltta show
that by nuclear explosions  we can provide  disintegration  of asteroids  into fragments  with dimensions  sufficient  for
their  burning in the Earth’s  atmosphere.

Table  2. Dimensions  of Rock Fragments  Formed  During  Nuclear  Cratering  Explosions  [8,9]

Minimum Medium Maximum
Name Medium Yield,  kt size, m size, m size, m

Sulky B&salt 0.085 0.03 0.55 4.0
Danny Boy Basalt 0.42 0.006 0.36 1.8
Palanquin Rhyolite 4.0 0.1 —
Cabriolet Rhyolite 2.6 ;015 0.061 1.2
Schoolner Tuti 35 — 0.6 6.0

4



Stand-off  Nuclear Explosions
The nuclear  explosion  at rather large  altitude  over the asteroid surface turns to be also effective.  This is

associati with  absence  of air which  under terrestrial  conditions  causes  transformation  of high temperature  radiation
from the nuclear device  into relatively  low temperature  radiation in air thermal wave.

As the stand-off explosion  we call the explosion  during which the thermal  wave propagation  in the asteroid
matter is weak or absen~ and the reradiation  is minor. Such explosion  mode is realized  when the explosion  height
excetis  approximately  10 m/h4t1’3.

During the stand-off explosion  the x-ray radiation  from the nuclear  mtiule  surface  falls  onto the asteroid  and
heats up tie surfa~ layer. This causes  corresponding  gas(lynamic phenomena:  scattering of evapomti  surface  layer
accompani~  by the shock propagation  and scattering of partially  evaporated  and disintegrated  matter.  It is evident
that selecting  the explosion  height  at a given yield of the nuclear  device  we can achieve  the situation  when initial
temperatures  of the surface  layer  are sufficiently  small to exclude  the reradiation  from the free surface.  Respectively,
we can achieve  higher  explosion  energy  withdawal by the asteroid  ground than in the case of the surface  explosion.

The processes  during the stand-off  explosion  can be illustrated  by simple  estimates.  If the ground heat
conductivity  and the reradiation  ,we not signitlc,ant,  then in the problem  of dissipation  of gas having density  at
instantaneous  energy  release  in a layer  with characteristic  thickness z there are two dimensional  parameters:

[e]=kJ/cm2,  [p]=g/cm2,  [z]=cm,

out of which we can compose the only combination  with the momentum  dimension:

Accounting  for the evaporation  energy  q which is ne’ar 4 kJ/g for silicate  rocks, this  expression  will become the
following:

From this  simple  expression  we can make  several  important  conclusions  on the character of the momentum
change  with increase  of the incident  radiation  intensity and the thickness  of the heated  layer. In p,articuhu,  it is easy
to show, the momentum depends  upon  the angle  of the incident  radiation  as I(p) = I(P = O) ● cos~. The latter
expression  is confirmed  with high accuracy  (-1%) by numerical  calculations  [11].

In the case of small  energy release  when the momentum  witbd-awn  by initially evaporated  matter signific’nntly
excetis the span momentum  the problem  under considemtiou  can with some approximation  be rduc~ to the
problem  of the gas layer dissipation  ne,ar a rigid wall at instantaneous  uniform  energy  release.  This problem has an
analytical  solution  according  to which ~ depends  little on the gzs adiabat  index y and makes  up ~ = 0.8 [101.

In the case  of higher  energy  release  we need to take into account  additional  evaporation  of matter  in the shock
and the span momentum, and it is possible  to obtain appropriate  estimates  only within  the framework of numerical
calculations,  though the similarity  ideas mentioned  above remain  in force.

Thus, increase  of momentum  tmnsferred  to the asteroid during the stand-off  explosion can be achievd  by
increasing  the energy  release  in the surface  layer (owing to inc~ease of the radiation  flow intensity),  increasing
thickness  of this  layer  (e.g. by changiIlg  spectrum  of the incident  radiation),  and incre&sing  area of the asteroid
irradiated  surface  (increasing  the explosion height). It is evident, tiat for each specific  asteroid  and the specific  nuclear
mtiule  we’ll have a certain  optimal  (in terms of maximum  effect)  explosion  height.

~us, the problem  of computing  the x-ray radiation  effect  of the stand-off explosion  on the asteroid  involves
&termination of density of energy released  in the surface layer and &termination  of formed gasdynamic  tlows at
different  levels  of the radiation.  For the stand-off  explosion  above the asteroid  due to relatively  small  (compared  to
the asteroid  dimensions)  thickness  of the layer in which the g~sdyn,amic  processes  develop,  the calculations  can be
done in one-dimensional  approximation  (with account  for the radiation  incidence  angle). Currently  it is not difficult
to carry out such calculations.

While  considering  effec~s of the stand-off  explosion  on an arbitrary asteroid,  unlike the surf”ace  explosion  and
shallow  burst, we are faced with a purely enginwred  problem of results  representation  associated  with the multi-
parameter ch.amcter  of the problem.  The effect  on the axleroid,  besides  the explosion  yield,  height, the a!steroid
dimensions,  will significantly  depend  upon its shape, chemical  composition,  density,  strength,  spectrum  of radiation
released  from the nucle,ar m[tiule.  And what’s more, even such details  ,as presence  of a thin  layer of dust on the
asteroid  surface  will significantly  influence  the value of the momentum  transferred  to the asteroid.  For example,  the
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numerical  calculations showed [11] that at values of full flow of the incident radiation of 104 kl/m2 up to
106 kJ/m2:

. the span strength  change by an order causes  change  in the momentum  by several  times;
● at porosity  of 30~o the momentum  decreases  several  times compared to the rock with zero porosity.
Therefore,  to take effective  engineered  decisions  while considering  the issues of the Earth protection  against

asteroids  we need to develop  a set of typical  asteroid models, and compute  effects  of the stand-off  explosion  for them
According  to the above, in this  report  we only consider  several  parameters.  Table 3 shows characteristic  values

of the momentum during the silicate  rock surface  irradiation  by normally  incident  flow of x-rays of nuclear
explosion  of Planckian  spectrum  with temperature  Teff for several  values Of tie full  ilOW [111.

In the case  of the stand-off explosion  with the yield of 1 Mt above the asteroid  having the spherical  shape  with
radius  750 m the momentum transferred  to the asteroid  will be maximum  at the height  -200...250 m and will be
equal  to -4.106 tin/s for Teff = 3 keV, -30  ● 106 tin/s  for Teff= 15 keV and -60• 106 txn/s for Teff = 30 keV.
The latter  value is close to the value of momentum  transferred  to the asteroid  during the surface  nuclear explosion  of
the same yield.

Table  3. Momentum  (t/ins) transferred  to the silicate  rock surface  during  its irradiation  by
normally  incident  x-rays  of planckian  spectrum  with temperature  Teff

Full flow Teff = 3 keV T,ff = 15 keV Teff  = 30 keV
kJlm2

104 -0.5 -O$g -0.6
105 -2 -g -lo
106 -8 -60 -1oo

Conclusions  and Discussion
me nuclear explosion  phenomenon  has been studied pretty  well both from the theoretical  and experimental

points  of view. A great progress  has been achieved  in the sphere of mathematical  simulation  of the processes  taking
place  during the nuclear  explosion.  However,  this doesn’t  mean that we can predict  result  of the explosion  near the
asteroid  surt”ace with high accuracy.  This is associated  with two Circumsklnces:

● the process  of nuclear  explosion near the asteroid  surface  has a number of specific  peculiarities  which we
practically  haven’t  come across during the underground  nuclear  testing under terrestrial  conditions;

. physical  properties  of ma(etill  composing  the asteroids  are practically  unknown for us, or known with very
high error (for brevity  we’ll subsequently  call the matter  of the asteroid  or comet,  the asteroid  ground, or just  the
ground).

However, the situation  is not so bad as it may seem at tlrst  sight. The accumulated experience of the
underground  nuclear  testing allows us to state  that  we know rather well and describe  with calculations  the properties
of terrestrial  grounds and propagation  of the shock under sufficiently  high pressures  — up to amplitudes
corresponding  to the ground destruction.

Using  the nuclear  explosions  we can provide  very intensive effect  on the asteroids.  In this  case the most
intensive  will be the buried  explosion  effect. The surface  ,and stand-off  explosions  provide  approximately  the same
effect  from the standpoint  of momentum  tmnsferred  to the asteroid. The surt”ace explosion  provides  more intensive
fragmentation  of the asteroid  than the s~~nd-off explosion.

From the sklndpoint  of numerical  simulation  it is most  easy to describe  the stand-off explosion,  and the most
complicated  are the surface  explosions.  The most valid  numerical  estimates  of affecting  the asteroid  can be obtained
for the buried  explosion,  the less valid — for the stand-off.

As a whole, under conditions  of the limited knowledge  of a specific  asteroid  properties  assessment  of the
necessary  yield  of the nuclear  module  may change by seveml times  depending upon the proposed  parameters  of the
asteroid  ground. Respectively,  from the engineering  point of view,  to provide  the gu.arantwd  achievement  of the
effect the yield of the nuclear module  must be somewhat  excessive.
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Schematizing  Nuclear  Explosion  Phenomenon  (Engineered  Approach)  and
Possible  Directions  of Future  Research

To take engineered  decisions it is expedient  to have a single approach to at least  some part of the above described
types of the explosions.  Such a single approach  as applied to the ,asteroid problem is possible if we somehow
schematize the phenomena of the surface  and buried explosions.

Then,  within the framework of the asteroid  program  we’ll be interested  in processes  of the shock propagation  in
the ground, the ~~ater formation  and the ground ejecta.  At any type of the nuclear explosion  at the asteroid  we can
separate  a main ~gion of effective  energy release  with  energy Eg:

● the region heatd through by the thermal  wave at the buried  explosion;
. the lens of heating  and the nuclear  charge  vapors  at the surface  explosion;
● thin  layer  of the ground of a large area in the case  of explosion  at a considerable  height  above the asteroid

surface.
Therefore we may introduce some coefficient qt(Eo,H,C),  such as Eg = ~tEo. Subsequently we’ll call this

coefficient  the coefficient  of thermat phase equivalence.
We can conveniently  schematize  the phenomenon  at the phase  of gasdynamic  and elastic-plastic  movement

using the dimension  theory. Select  dimensions  of mass  M, length L, and time T as the basis.  Designate  the
parameter  A dimension,  as it is commonly  used, with the symbol  [A]. After completion  of the processes of energy
transfer  by radiation  the explosion  evolution  near the surface  of uniform semi-space  will be determined  by the
following  system of dimensional  and dimensionless  p<ar.ameters:

~ -is full  energy  released  during the explosion  [E]=ML2T2;
Egi - full energy  of the i-th region of effective  energy release  in the scheme  of the phenomenon  development

assumed  by us, and which corresponds  to completion  of the thermal phase of the explosion  evolution  (the full
energy  of the i-th gas(lynamic  source) [E]=ML2T-2;

rgi - is characteristic  dimension  of the i-th region ot’ the effective  energy release  corresponding  to completion  of
the thermal phase  [rgi]=L;

H -is depth of the explosion  [H]=L;
pm -is the ground density  [pC)o]=ML-3;
c. - is characteristic  sound velocity, e.g. dimensional  p.wneter  in the equation  of state IC()]=LT1;
p. -is characteristic  density,  e.g. dimensional  p,~,uneter  in the equation  of state having the me,aning of the grain

density  [po]=ML-3;
yi - are adiabat  indices  for the material  of the i-th region (dimensionless);
Cp - is vel~ity of elastic  p-waves ICP]=LT-l;
v - is Poisson’s  coefficient  (dimensionless);
k -is  coefficient  of internal  friction (dimensionless);
A -is dilatance  rate (dimensionless);
Yo, 60- are strength  limits for compression  and destruction,  and their analogs  under  conditions  of plasticity  and

destruction IYo]=[aL)]=ML-1T2.
For terrestrial  conditions  we must  also include another  several  p.ar.ameters,  such as acceleration  of free fall g,

initial  air pressure,  etc., which play a cert,ain  role at various  phases  of the explosion.
Select  as the basis parameters the explosion energy  Eo, ch.amcteristic  sound velocity Q, and characteristic

density  po. It is known [3] that  out of the selected  p.ar,ameters  we c,an formulate  the only combinations  with
dimensions  of length and time:

E. 1/3

()
Rd= —

1 & 1/3
, td = ~

poco ()po~o

Respectively,  any characteristic  of the explosion  evolution  A will  be the function  of the dimensional  parameters
and dimensionless  combinations:



where [A] is the combination of the basis parameters  with  dimension  of A; r,O -are spherical  coordinates  (we assume
the flow being axisymmetric),  and the set C includes  all the other parameters:

m ~ co YQ
, 7, v, G. , y , etc.

Po ‘ co poco

Now consi(ler  some radius  Rh corresponding  to some characteristic  pressure,  or the shift value, or the shift rate
at the shock front:

where  f has the meaning  of the dimensionless  radius  and, generally  speaking,  for the characteristics  interesting  for
us, it is much  more than one. Consider

where R = H~, ig = rg/R~ .

Ignoring  the terms of the second  order, we obtain the following:

f= @(F, Fg , c) “ fo (0, c) .

Introduce  the following designations

rIg = $3, Eeff = ngEg = ~t(Eo,  H, C) ● qg(~, fg, C) ● ~ = v ● Eo

Then

Thus, if H << ~ , rg << Rd , Ulen beginning  from some moment of time (letails of the gaSdyll~niC  SOurCe  We

forgotten,  and the flow similarity  of a new type is formed, when the solution can be presented  in the form:

( )A = [A] ● F L ~ 0 C ,Reff ~ff

~ff= aff 1/3

(–)

1 Eeff 1/3
poco ()

, bff = — —Q Poco  ‘
Eeff = q  ● E. , n = qt(Eo> H, C) ● TIg(~,  ~g, C) .

Thus, despite of the significant differences  in the initial phase, the gasdynamic  flows of the ground during the
surface explosion, explosions at small enough depth and height possess  the geometrical similarity with some

coefficient Proportiortat to E~~, where E~fl , is (he explosion effective  energy determined  in a special  manner.  In
such form the last expression  is the expression  of “the principle  of equivalency”  [5, 12]. This principle  states  that
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the explosion  having yield El at some scaled  depth filis  equivalent  to the explosion  having yield  E2 at the scaled

depthfizby  the flow parameters  at I,arge  distances.
For the explosions  at some  depth the moment  of the beginning  of the approximate  geometrical  similarity

realization  is ktermined by time of rarefac(iou  wave arrival  from the free suti”ace, ,and respectively,  by the explosion
depth. In particular,  if, Hc<~, the similarity  establishes  at the gasdynamic  phase  of the explosion  evolution  when
the smngth properties  of the medium  are practically  insignificant.  If the explosion  depth H exceeds  ~ by seveml
times the flow similarity  won’t  be observd.

me descri~ similarity  of the explosions  is really observd  in the numerical  gasdynamic  calculations.  This
means  that (letailti  calculations  of the nuclear  explosion  with account  for elastic-plastic  properties  of ground carI be
carried  out for several  classes of grounds  (e.g. strong rock with density, p-2.7 g/cm3, soft ground  with density
p-2  g/cm3, ice) at some  given yield and rather small  depth of the explosion.  The explosions  at other depths  can be
described,  having (determined  values of the coefficient  q on the basis of gasdynamic  calculation  of the initial  phase
only.

To carry out such comparison  it is convenient  to use calculations  of powerful  explosions  at the depth  of
-2 ~tl13 ~“mg such an explosion  as a bench-mark.  In this case the initial phase  of the explosion  requiring  the
energy transfer  by ratiation  is of one-dimensional  character  and is easy for being described.  At the same time,  tie
chosen  depth  is signiiic,antly less than the dynamic  radius for the grounds  R~-40...5O  m/Mtl’3, and the flow phase
corresponding  to the geometrical  similarity  is established  quickly  enough.

When the asteroid  hits the ground surface  at sufficiently  high velocity  we may also expect the similarity  of the
formed  flow with the flow in the case of the uucleti  explosion  at small depth. This will enable,  after computing  the
value q for the asteroid  impac~  to use the earlier  obtained results  of calculations  and experiments  for the nuclear
explosions.

In our opinion,  a possible  direction  of work in the sphere  of physics  of nuclear  explosion  effect on the asteroi(ls
and comets  can be computation  of coefficient  q for several typical  asteroid models  (which must be developed).  Such
work will enable  to coordinate  the efforts  of physicists  and mathernatici.ans  from different  laboratories  and to proviw
engineers  and designers  with the tools  necess:uy  for developing the basic characteristics  of the system of the Earth
protection  against  the ne,ar-Earth-objects.  RFNC-VNIITF plans to do some part of this  work within the framework
of the International  Science  and Technology  Center.
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